Multivalency is a general and efficient tool used by nature for achieving strong interactions in a reversible manner. At the molecular level, multivalent interactions have the advantage of enhancing drastically the binding between molecules when compared with monovalent binding. 1 A remarkable example from nature where multivalency plays a significant role is the interaction between viruses and bacteria with their respective host cells. In particular, DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin) receptor is one of the most important pathogen recognition receptors. This lectin efficiently recognizes in a multivalent manner saccharides containing mannoses and fucoses from glycoproteins. 2 In this regard, it is well established that protein−carbohydrate interactions are a key issue in a variety of biological processes, but since the affinity of simple glycans for their respective receptors is often weak, multivalent interactions typically occur. An important open challenge of research nowadays is the better understanding and practical use of multivalency. Actually, in a broader sense, glycobiology is currently a field of research where chemically inspired approaches and strategies are producing significant advances. 3 It is well-known, however, that some viruses are able to escape from processing by the immune defense by using DC-SIGN as an entry point to infect the cell. Therefore, inhibiting the entry of pathogens by blocking this receptor at the early stages of infection represents a valuable strategy for the design of new antiviral agents. In order to address this challenge, a variety of different multivalent scaffold architectures have been synthesized, all of them endowed with multiple carbohydrates. 4 Design of these glyco-conjugates typically requires a multivalent central scaffold or core covalently connected to the carbohydrate epitopes decorating the periphery. Thus, glyco-clusters in which the carbohydrate units are directly connected to the core, glyco-dendrimers connected through a dendritic structure, and glycopolymers involving a polymeric backbone have been intensively investigated in recent years. [5] [6] [7] [8] [9] Fullerenes have also been employed as a biocompatible scaffold for the multivalent presentation of ligands, given the possibility of multiple functionalization on their convex surface. In particular, hexakis-adducts of [60]fullerene with a T h -symmetrical octahedral addition pattern have a unique three-dimensional structure which allows the introduction of six one-type or mixed-type addends. 10, 11 Such derivatives can be obtained in one synthetic step by the addition of malonates to C 60 , but this approach has been limited by the low yields that result when larger malonates are used because the reaction is very sensitive to steric effects. 12 We have recently developed a procedure based on a click-chemistry approach which provides hexakis-adducts with twelve alkyne or azide terminal groups in high yields from simple malonates. 13, 14 These hexakis-adducts can be easily and efficiently functionalized by using the copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction allowing the introduction of twelve functional groups simultaneously in a regioselective and efficient way. Since these hexakis-adducts show an octahedral arrangement of equally separated addends located on the
[60]fullerene periphery in a globular topology, they constitute a very attractive platform for the study of multivalent interactions with lectins, with important advantages such as the better biocompatibility of the carbon central core, the globular geometry of the functional groups and the ease and versatile chemical functionalization. 
Synthesis
The synthesis of the glycofullerene superballs has been carried out as depicted in Figures 1-3 .
Although these molecules (17a-c) may appear difficult to obtain at a first glance, mainly due to their size and molecular complexity, their synthesis is straightforward and, most importantly, The azide-containing macromonomers 9 and 14a-b were then clicked to symmetric alkyne derivative 16 14 under CuAAC conditions. Superballs 17a-c substituted with up to 120 monosaccharide units were thus obtained with yields over 70% (Figure 3 ). Derivatives 17a-b
were obtained in only three synthetic steps from easily accessible reactives and avoiding the use of protecting groups.
Although the three tridecafullerenes 17a-c contain the same number of monosaccharides, compound 17c has a larger spacer between the central fullerene moiety and the peripheral carbohydrate functionalized fullerenes. This longer spacer affects the flexibility and the size of the compound and can favour the accessibility and availability of the carbohydrate ligands to interact with the receptor, which could have an important influence on the biological activity. 20 It is important to note, however, that the aforementioned synthetic approaches enables fullerene derivatives to be synthesized from malonates endowed with alkyl chains of variable length through a Bingel cyclopropanation followed by a subsequent CuAAC reaction. This synthetic strategy affords hexakis-adducts with long chains connecting the fullerenes and carbohydrates since their direct preparation from suitably functionalized malonates bearing long chains typically occur with low yields. 10 Characterization of these superballs was carried out by standard spectroscopic techniques.
Thus, FTIR spectra do not show the presence of either azide groups (typical signal observed at ) (See the Supplementary Information). The molecular ion peak of these compounds could not be detected but it should be noted that the transfer of such high molecular weight glycoclusters into the gas phase during MALDI-TOF MS analysis is very difficult. Moreover, both the sugars and the fullerene hexaadduct moieties give rise to a high level of fragmentation. 25 The unambiguous structural characterization of 17a-c was, however, greatly facilitated by their high symmetry. Indeed, Figure 1) . This is compatible with a weak aggregation of 17a-c in water.
The first, around 5-6 nm, must correspond to only one molecule, while the second, at 120- eV is related to one nitrogen atom of the triazole ring (N-N-N) and the other centered at 398.8 eV is attributed to the other two nitrogen atoms attached to carbon atoms (C-N). 26 The absence of a well-resolved peak around 405.0 eV demonstrates the lack of the electrondeficient nitrogen of the azide group in the final compound. 27, 28 The composition of compounds 17b and 17c has also been ascertained by their respective XPS analyses which showed the presence of the expected elements, according to their relative abundance (see Supplementary Figure 4 and Supplementary Table 1) . Previous inhibition studies using the same infection model and fullerenes displaying up to 36 mannoses show relative inhibitor potency (RIP) values at least two orders of magnitude smaller. 19 Moreover, huge virus-like particles (VLP) with a radius of 16 nm and up to 1640 mannoses 32 were 18-fold less potent than compound 17c described in this work (see Table 1 ).
Biological studies
These results have confirmed the efficiency of these systems to interact with DC-SIGN and to compete with Ebola virus glycoprotein-pseudotyped particles during their entry into target cells.
The cytotoxic effect of multivalent glycofullerenes was verified by a cell proliferation assay using the Cell Titer 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega). Notably, there was not any appreciable cytotoxic effect of compounds 17a-c at the concentration used in the infection experiments (see supplementary Figure 6 ).
Conclusions
In summary, we have synthesized giant globular multivalent glycofullerenes in which the central C 60 core is covalently connected to twelve hexakis-adducts of C 60 , thus forming the first tridecafullerenes reported so far. Each peripheral fullerene is endowed with ten monosaccharides and so a total of 120 carbohydrates decorate the periphery of each molecule. This represents the fastest dendrimer growth ever reported, affording molecular weights as high as 56 KDa.
The synthesis of non-symmetric hexakis-adducts ( The aforementioned results reveal fullerenes to be appealing platforms for the study of multivalent interactions particularly because of their biocompatibility and globular presentation. Furthermore, the compounds reported here pave the way to the introduction of dendritic dimers and trimers of monosaccharides as well as the use of disaccharides to significantly improve the scope of the biological applications of tridecafullerenes.
METHODS

Production of recombinant viruses
Recombinant viruses were produced in 293T cells. The viral construction was pseudotyped with Zaire Ebola virus (ZEBOV) envelope glycoprotein (GP) or vesicular stomatitis virus envelope GP (VSV-G) and expressed luciferase as a reporter of the infection. 29, 33 One day (18-24 h) before transfection, 5 x 10 6 293T were seeded onto 10 cm plates. Cells were cultured in DMEM medium supplemented with 10% heat-inactivated FBS, 25 mg Gentamycin, 2 mM Lglutamine. Few minutes before transfection, the medium on transfection plates was changed to 9 ml DMEM and chloroquine was added to 25µM final concentration. Transfection reaction with all reagents at room temperature (RT) was prepared in 15 ml tubes: 183 µl of 2M CaCl 2, 500 ng of EBOV-GP or 2 µg of VSV-G, 21 µg of pNL4-3 luc 34 , 1300 µl of H 2 O. Next, 1.5 ml of 2xHBS (Hepes Buffer Saline) pH 7.00 was added quickly to the tubes and bubbled for 30
seconds. HBS/DNA solution was gently dropped onto medium. After 8 hours of incubation at 37º C with 5% CO 2 , medium on transfection plates was changed to 10 ml DMEM and once again one day after transfection to 7 ml DMEM. Transfection supernatants were harvested after 48 h, centrifuged at 1200 rpm for 10 minutes at RT to remove cell debris, and stored frozen at -80° C.
32,33,35
Ebola virus infection experiments
Infection was performed on Jurkat cells (T-lymphocyte cell line) expressing receptor DC-SIGN on its surface. Since Ebola virus does not infect T-lymphocytes, its entry is absolutely dependent on DC-SIGN for infection of Jurkat cells. 29, 36 Jurkat-DC-SIGN cells ( The range of concentrations tested for compounds 17a-c was 1 pM -10 µM. As a control, experiment of infection with VSV-G pseudoviruses was performed in the same conditions.
Infection with VSV-G is independent of the presence of DC-SIGN receptor.
Statistical analysis
The values of percentage of inhibition of the infection presented on the graph correspond to the mean of 6 independent experiments with error bars corresponding to the standard errors of the mean. The IC 50 s values were estimated using GraphPad Prism v6.0 with a 95% confidence interval and settings for normalize dose-response curves.
Cytotoxicity assay
The Cell Titer 96 AQueous Non-Radioactive Cell Proliferation Assay (Promega) was used.
Jurkat-DC-SIGN (5 x 105 cells/well) were seeded into wells of 96-well plate and left cultured in the presence of different concentrations of glycofullerenes for the time of infection assay.
After 48 h, the proliferation cell assay was performed. Briefly, the 2 ml MTS solution was mixed with 100 µl of PMS solution. The mix MTS/PMS in a volume of 20 µl was pipetted into each well of the 96-well assay plate containing 100 µl of cells in culture medium. The plate was incubated for 2 h at 37º C in a humidified 5% CO 2 atmosphere. After incubation time, the absorbance at 490 nm was recorded using an ELISA plate reader. As a control of toxicity, the 
